Absolute ionization cross sections for 28 -114-keV helium ion impact on atomic hydrogen, differential in energy and angle of the ejected electrons, have been obtained from crossed-beam measurements and previously measured cross sections for molecular hydrogen targets. A radio frequency discharge source produced a mixed atomic and molecular target with a typical dissociation fraction of 74%. Energy spectra were measured from 1.5 to 130 eV by an electrostatic analyzer with a resolution of 5%. The angular range was 15°-160°. Results are compared with calculations based on the first Born, continuum-distorted-wave-eikonal-initial-state, and classical trajectory Monte Carlo methods. Total electron yields are obtained by combining calculations that are separately performed for liberating the target and projectile electrons. Model potentials are used to represent the interparticle-separation-dependent screening of the nuclear charges experienced by the electrons. Though projectile electron emission is a negligible component of the total ionization cross section for the present collision energies, its contribution is significant for particular regions of the spectrum of ejected electrons. Through comparison with our proton-impact data ͓Kerby et al., Phys. Rev. A 51, 2256 ͑1995͔͒, differences and similarities are demonstrated owing to the common asymptotic charge of these two projectiles but differing nuclear charges and the electron carried by the He ϩ ion. Comparisons are also made illustrating the differences between atomic and molecular hydrogen targets.
I. INTRODUCTION
The theoretical description of the ionization of an atom by ion impact can involve many complexities, such as the necessity of treating electron correlation, the ejection of the electron in the combined two-center field of the projectile and target ions, and quasimolecular effects. In order to separate the various effects and to understand the basic mechanisms, experimental data on simple systems ͑i.e., those containing the fewest electrons͒ are crucial. In addition, to provide a stringent test of alternative theoretical descriptions of ionization, information more detailed than the total ionization cross section ͑TICS͒ is needed, such as that provided by cross sections differential in the angle and energy of ejected electrons. Towards this end, data for the H ϩ ϩ H system have been presented in a recent paper ͓1͔. The next level of complexity is the consideration of a collision pair involving an atom and an electron-bearing ion. The simplest system of this type is He ϩ ϩ H, data for which are presented here.
This work presents measurements of differential cross sections for the ejection of electrons in He ϩ ϩ H collisions. Since we make measurements which cover a large angle and energy range, we may also obtain values of the TICS by integration. As far as we know there are no TICS measurements for this system in the literature. We report these differential and total cross sections for 28, 48, 67, 95, and 114 keV projectile energies and compare them with theoretical calculations.
The general three-body problem in ion-atom collisions has been treated by various authors ͓2-5͔. However, the He ϩ ϩH combination constitutes a four-body system. Previous theoretical calculations have been made primarily at high impact energy where, unlike the present case, electron removal from the projectile is a significant component even in the TICS. For example, Boyd et al. ͓6͔ modified the planewave Born approximation formulation of Bates and Griffing ͓7͔ to take account of electron emission by the projectile and Manson and Toburen ͓8͔ used the Born approximation to calculate differential cross sections for electron emission from 2-MeV He ϩ ϩ He collisions. For low impact energies such as those considered here, the probability of removing the electron from the projectile is much smaller than for removing the less tightly bound target electron. Even so, in particular regions of the angle and energy distribution of the ejected electrons, projectile electron emission plays a significant role.
Also, since the collision velocities involved in this work are rather low ͑i.e., v pro jectile Շ 1 a.u.͒ quasimolecular effects may play an important role. Unfortunately, there exists no theoretical description which is presently capable of providing double differential ionization cross sections in this energy range. That is, the theories which provide the most accurate description of low-energy ionization are based on a combined atomic and molecular basis expansion, and conse-quently it is difficult to include a large enough basis of functions to project simultaneously the electronic angle and energy in the final state. Therefore, to provide a theoretical context for the present experimental measurements, we must apply methods that have been demonstrated to be applicable at somewhat higher energies (v pro jectile տ 1 a.u.͒. In particular, we have computed cross sections using the first Born ͑B1͒, continuum-distorted-wave-eikonal-initial-state ͑CDW-EIS͒, and classical trajectory Monte Carlo ͑CTMC͒ approximations. The interparticle-separation-dependent screening of the projectile nuclear charge due to the electron present in He ϩ is described by incorporating a model potential to describe this interaction. Similarly, to treat ionization of the projectile, a model potential is used to describe the interaction of the electron present in He ϩ with the impinging hydrogen atom.
By comparing the resulting cross sections for He ϩ impact with those for H ϩ impact, differences in the ejected electron spectrum may be found which result from projectile ionization or from very near collisions in which the target electron experiences a different projectile nuclear charge in the two cases. Also, since the two projectiles have the same ionic or asymptotic charge, portions of the ejected electron spectra will be quite similar. Finally, the direct electron-electron interaction may play a role in the ionization process, but here its effect has only been taken into account theoretically through the screening of the nuclear charges. This is paper IV of a series of works on doubledifferential ionization cross sections ͑DDCS's͒ for fundamental systems. In paper I ͓9͔ the apparatus and method were described for obtaining DDCS's for H from the mixed H and H 2 targets produced by the source. Paper II ͓1͔ presented a comparison of our experimental measurements for H ϩ ϩ H with theoretical results. The experimental method for determining the present cross sections for He ϩ ϩ H utilizes the H 2 cross sections which were presented in paper III ͓10͔. The effect of excited helium ions in the projectile beam was also discussed in that work.
II. THEORY
In this work, we make a comparison of the present experimental measurements with the three most widely applied theoretical methods for ionization in intermediate-energy ion-atom collisions. These methods were described in paper II ͓1͔, so we describe only the differences necessary to treat an electron-bearing projectile through a model potential U p . To treat projectile electron emission, the roles of target and projectile are reversed and the calculation is repeated. A simple frame transformation then yields the projectile electron spectrum in the laboratory frame, which can be summed with the target electron spectrum to obtain the total electron yield ͑see Ref. ͓11͔ for a more comprehensive description͒. The role of direct electron-electron interaction is ignored.
The model potential can be easily incorporated within the 
where ␣ i and k ជ ,Z t Ϫ * are the initial and final states of the electron, respectively, k ជ is the momentum of the electron, Z t is the target nuclear charge, q ជ is the momentum transferred from the projectile, and Ũ p is the Fourier transform of U p . Therefore the T matrix for a partially stripped ion with asymptotic charge Z p is related to the T matrix for a fully stripped ion with the same charge by a simple multiplicative factor,
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The inclusion of a non-Coulomb projectile field within the CDW-EIS approximation is a much more tedious task which, to our knowledge, has only been achieved for neutral projectiles ͓12͔. We use this procedure to compute the electron emission from He ϩ , in which case the impinging particle is neutral H. Because of its inherent difficulties, the effect of the non-Coulombic projectile core in the CDW-EIS calculation for ionization of H by He ϩ impact is only estimated here using the same multiplicative factor as in the B1 approximation.
The form chosen for U p was taken from Garvey et al. ͓13͔, and is given by a two-parameter formula which fits tabulated Hartree-Fock orbital energies. It is essentially equivalent to the ordinary electrostatic screening potential derived from the charge density given by the wave function of the electron in He ϩ or H. The same potentials have been used to replace the projectile-target-electron interactions in the CTMC calculations.
The basic effect of the model potential used to represent the He ϩ core on the spectrum of electrons ejected is illus- ϩ velocities. This figure shows that fast ejected electrons experience the bare nuclear charge of the ion since they originate in close collisions. The
] ratio tends to a value of 4 since the Born approximation scales as the square of the charge. For slow electrons, the ratio is closer to 1 since these electrons originate primarily from distant collisions where the ionic charges of the two projectiles are the same. The deviation from being strictly 1 is due to the fact that even for very close collisions slow electrons can be produced.
We have compared our CTMC total cross sections for target electron emission in He ϩ ϩ H with those computed by Willis et al., ͓14͔ who used semiempirical potentials and incorporated a more complicated CTMC procedure. The present CTMC TICS's are approximately 25% smaller than those of Willis et al. , and the effects of their approach on the differential cross sections would be difficult to estimate since they were not computed by those authors.
III. RESULTS
Detailed descriptions of the apparatus, experimental method, theory of the measurement, and the reliability were given in paper III ͓10͔ and will not be repeated here. In addition, much of the physics underlying the spectrum of ejection of electrons in this type of collision was presented and discussed in paper II ͓1͔, so we will concentrate here on the new features engendered by the change of projectile. Absolute values of the DDCS's are given in Tables I-V for five  incident energies ͑28 , 48, 67, 95 , and 114 keV͒. The DDCS's were numerically integrated over electron angle or energy to obtain the single differential cross sections ͑SDCS's͒ and over both angle and energy to obtain the TICS's, which are also given in the tables. 
A. Total cross sections
A number of interesting features may be seen by inspection of the TICS's for He ϩ ϩ H, H 2 and by comparing them with TICS's for H ϩ ϩ H, H 2 . To begin with, the present experimental measurements are compared with theoretical results in TableVI. The results of the CTMC and CDW-EIS calculations substantially underestimate the cross section at the lowest impact energies, but the CDW-EIS approximation reaches the level of the experiments at the highest energy measured, while the CTMC method still underestimates the TICS by a factor of almost two. The B1 approximation is significantly larger than experiment for all impact energies considered. The agreement of experiment and theory improves for increasing impact energy as expected. However, this impact energy range is clearly too low for the bulk of the ionizing events ͑i.e., low-energy electron production͒ to be simulated within the assured range of applicability of these theories ͑see the discussion in paper II ͓1͔ of the range of applicability of these theories͒. They do give insight as to the relative contributions of projectile and target electron emission, and the role of screening of the nuclear charges on the spectrum of ejected electrons. The measured data for impact on either atomic or molecular hydrogen, along with other data available in the literature, help illustrate the differences in the total yield of electrons between these two targets ͑see Table VII͒. A simple picture might suggest that, since the binding energies and wave functions are quite similar in H and H 2 , twice as many electrons would be ionized from H 2 as from H. This simple model is valid at high impact energies when the dominant electron removal channel is direct single ionization. For lower energies, the behavior of this ratio is governed by the competition among different electron removal channels including the two-electron processes possible for H 2 ͑double ionization, transfer ionization, and dissociative ionization͒. For example, the present results at the lowest impact energies show that the ratio can be significantly larger than 2 in this limit. Then, as impact energy is increased, the ratio reaches a minimum near 1, a result that Shah and Gilbody ͓15͔ attributed to the contribution of transfer ionization. That is, in transfer ionization, fewer electrons are liberated to the continuum on average and the ratio is therefore less than 2.
The present experiment and theory allow comparison not only of the differences between H and H 2 targets, but also differences arising from the variation of projectile nuclear charge for a fixed ionic charge. Table VIII gives the ratio of the TICS for He ϩ impact divided by that for H ϩ impact at equal velocities. Perhaps the most obvious conclusion one may draw is that this ratio is consistently greater than 1, implying that there is always a significant contribution from close collisions between the target electron and the projectile nucleus. In the absence of this penetration of the projectile core, the ratio would be 1. This penetration affects not only one-electron processes but also two-electron processes, as evidenced by the ratio displayed for H 2 targets. In this case, the enhancement of the electron production for He ϩ impact over that for H ϩ impact is even larger than for H targets. A small contribution also comes from the ejection of electrons from He ϩ , but at these impact energies theory predicts that this accounts for only a few percent of the TICS.
Regarding the experimental measurements, the largest enhancement due to the electron carried by the He ϩ projectile occurs for the lowest collision velocities. The theoretical calculations also show this trend except that the ratio for the CTMC calculation also begins to rise at the highest energies. Quantum mechanically, dipole-allowed large impact parameter collisions play a dominant role at the higher collision energies, and therefore the ratio is smaller, H ϩ and He ϩ looking more similiar. However, dipole transitions are classically suppressed and only small impact parameter collisions are effective in removing an electron. Therefore the He ϩ ion with its larger nuclear charge produces more ionization and the ratio eventually increases with increasing energy FIG. 2. Single-differential cross section for ionization as a function of electron ejection angle and energy for 28-, 67-, and 114-keV He ϩ impact on H and H 2 . Circles, present experiment for H targets; triangles, present experiment ͓10͔ for H 2 targets divided by 2; solid line, CTMC; dashed line, CDW-EIS; dotted line, Born approximation. All theoretical calculations are for atomic hydrogen targets and include electron emission from both the target and projectile.
FIG. 3. Double-differential cross section for ionization as a function of ejection energy for 28-keV He ϩ impact on H and H 2 , at a wide range of ejection angles ͑15°, 50°, 90°, and 130°). The symbols are as indicated in Fig. 2. for the CTMC model. Moreover, the classical enhancement of the ratio is associated with the correlation between the position and momentum of the electron violating the Heisenberg uncertainty principle, which makes the ionization probability diverge at small impact parameters ͓19͔.
B. Single-differential cross sections
In Fig. 2 , we illustrate the behavior of the singledifferential cross sections for three impact energies spanning the present measurements. For the highest energy displayed, 114 keV, the ratio of the projectile velocity to that of the target electron in its initially bound state, v pro jectile /v electron ϭ 1.07, is high enough so that the range of validity of the CTMC and CDW-EIS approximations is reached, but only at the lower limit ͓1͔. For example, at this energy reasonable agreement is observed among all the theoretical approaches, and with the experimental measurements, regarding the energy distribution of the ejected electrons. This spectrum shows that the emission of electrons is dominated by ejection of low-energy electrons. A shoulder or plateau is observed at around 45 eV which is due to the binary encounter peak in the DDCS, summed over all angles of ejection. Beyond this region the cross section drops off rapidly. Compared to proton impact at the same velocity, this shoulder is more pronounced due to the penetration of the electron into the He ϩ core. This screening enhances the fast electron yield relative to the slow electron yield as demonstrated in Fig. 1 .
The agreement between theories and experiment for 114 keV is not as complete regarding the angular distribution of electrons and a well known failure of the B1 approximation is seen at small angles. In this portion of the spectrum, it is critical to represent the outgoing electron as evolving in the combined field of both the projectile and residual target ions since production of ''saddle-point'' and ''cusp'' electrons play a very important role. The CDW-EIS and CTMC approximations account for these interactions and give a better agreement with experiment, predicting reasonably well the shape of the angular SDCS.
The largest contribution to the SDCS from projectile electron emission is present for the CDW-EIS model, increasing significantly the fast and backward electron ejection. At an impact energy of 114 keV, without the projectile electron emission CDW-EIS underestimates the experimental SDCS by one order of magnitude at 100 eV electron energy and by two orders of magnitude at 200 eV or for angles greater than about 100°. The most notable effect on the CTMC cross section from projectile electron emission results in an upturn of the SDCS for large ejection angles. For the B1 approximation, the contribution is small except for the highest electron energies depicted. In addition, the theories do a progressively worse job of reproducing well the angular distribution of ejected electrons for the lower collision energies, but yield reasonable agreement with the experiment regarding the distribution of ejected electron energies. only total cross sections, the DDCS likewise provides a more detailed discriminant than the SDCS. For 28 keV, there does not appear to be good agreement between any of the theories and the experiment, but for the higher impact energies at least reasonable agreement begins to be obtained. Perhaps surprisingly, the B1 approximation reproduces the intermediate and fast electrons fairly well, but significantly overestimates the slow electron yield. The CTMC results seem to describe satisfactorily the fast electron cross sections, but underestimate the slow electron production. At low electron energies both the CTMC calculation and the experiments display a rapid change of slope. This is due to a remainder of the electron-capture-to-the-continuum cusp at larger ejection angles ͓9͔.
The good general agreement of the CDW-EIS results with the measurements is found to be fortuitous in that the target electron emission is expected to be substantially underestimated ͑as demonstrated in paper II ͓1͔͒ and the projectile electron emission appears to be significantly overestimated. The specific contribution from target and projectile electron emission is illustrated in Fig. 6 for each of the theories as a function of electron energy for both a small and large ejection angle. One immediately sees that projectile electron emission is most significant at backward angles. This is because most electrons removed from the projectile are ejected with low energy and are emitted into the forward direction in the projectile frame, which is the backward direction in the target frame. This is simply the normal behavior of the spectrum of electrons ejected in ion-atom collisions, transformed into the laboratory frame. For example, note that the target electron contribution is dominant at small energies for forward emission. Also note that projectile electron emission becomes dominant for high ejection energies because the He ϩ electron has a greater binding energy and therefore a broader electronic momentum distribution. The relative contributions of target and projectile electron emission, and the crossover point in ejection energy where projectile electron emission becomes dominant, are quite different for the three theories. Based on our experience and the known limits of validity of these approximations, we expect the behavior of the CTMC results to be closest to that which occurs in actuality.
In order to directly compare H ϩ and He ϩ impact at equal velocities, in Fig. 7 we display our previous results for 20 keV (v pro jectile ϭ 0.895 a.u.͒ H ϩ ϩ H, H 2 and the present measurements for 67 keV (v pro jectile ϭ 0.819͒ He ϩ ϩH, H 2 . The most striking feature of this comparison is the enhanced production of hot electrons in the case of He ϩ impact due to the greater nuclear charge and projectile electron emission. The slow electron production, resulting mostly from distant collisions, is more nearly the same for the two projectiles of equal asymptotic charge. This enhancement is very clear, say for 15°ejection, in the increased magnitude FIG. 6 . Illustrated here is the contribution to the DDCS ͑solid line͒ from electron emission from the target ͑light solid line͒ and from the projectile ͑dashed line͒ for 114-keV He ϩ impact on H in the first Born, CDW-EIS, and CTMC approximations.
of the binary peak. Also evident in this figure are Dopplershifted projectile autoionization peaks ͑e.g., for 15°at about 75 eV, or for 130°at about 12 eV͒ for the He ϩ data, not present for H ϩ impact.
IV. CONCLUSIONS
In this work we have reported measurements of the double-differential ionization cross sections for 28 -114-keV He ϩ ϩ H, along with single-differential and total cross sections obtained by integration. We have also compared these data to different theoretical approaches to the calculation of the ejected electron spectrum. Since this represents the simplest collision system involving a partially stripped projectile, it provides a very fundamental test. The primary difference found in this work is that, relative to proton impact, He ϩ produces a greater yield of fast electrons, as would be expected. We have also drawn conclusions regarding the difference between H and H 2 targets.
Since close-coupling treatments are still impractical for the computation of DDCSs, we have utilized the three most commonly applied approaches, the first Born, CDW-EIS, and CTMC approximations, modified to include the screening of the target and projectile nuclei through use of model potentials. Especially at the lowest energy considered, it is clear that fuller treatments of ionization must be developed, especially for low-energy electron emission. For higher impact energies, the CTMC and CDW-EIS approaches provide a reasonable description of the ejected electron spectra, accounting in particular for two-center effects. However, the good general agreement of the CDW-EIS results with the present measurements is attributable to a fortuitous summing of its significant overestimation of projectile electron emission and underestimation of target electron emission.
